This study was carried out on 31-ton polygonal steel ingots. The fabrication process consists of the following steps: EAF tapping into refractory lined ladle, deoxidation of steel with aluminium in gas-stirring conditions, adjustment of the final giovanna cornacchia, Marcello gelfi, Roberto Roberti Dipartimento di Ingegneria Meccanica, Università di Brescia, Via Branze, 38-25123 Brescia, Italy carlo Mapelli Dipartimento di Meccanica, Politecnico di Milano, Via La Masa, 34-20156 Milano, Italy. E-mail: carlo.mapelli@polimi.it alberto Paderni, silvano Panza ASO SIDERURGICA s.r.l., Via Seriola,122-Ospitaletto, Italy composition, vacuum treatment, pouring of steel into an ingot mould by uphill casting. It takes about 80 min for the secondary metallurgy treatment, from tapping until casting. The presence of macro-inclusions inside the polygonal ingots was discovered at the end of forging and rolling process, after ultrasonic investigations. The compositions of the two steel ingots (named ingot A and ingot B) affected by macro-inclusions considered in this study are reported in Tab. 1. In order to investigate the influence of refractory wear on macro-inclusions formation, further heats of similar steel grade were considered. To analyse the refractory-steel interface, at the end of casting operations, different samples were sectioned from three positions of the ingot runner as shown in Fig. 1 
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The occurrence of exogenous non metallic inclusions in steel is sporadic, but because of their large size, they have the most deleterious effect on steel properties, becoming the major cause of failure of mechanical components in service. These inclusions are usually entrapped in steel during teeming and solidification and tend to concentrate in the regions of the steel section that solidify most rapidly or in zones from which their escape by flotation is in some way hampered; in the case of forging ingots this region corresponds to the ingot bottom. The majority of exogenous inclusions originates from mould fluxes entrapment, reoxidation processes, which occur when molten steel comes into contact with external sources of oxygen, such as casting atmosphere, and refractories wear. Considering the large amount of inclusions sources, it is sometimes very difficult for a steelmaker to assess what is the precise origin of macroinclusions, in order to improve the process quality. This investigation is also complicated by the fact that the chemical characterization of macroinclusions is not easy, because the inclusions have large size and multiphase composition, with a chemical analysis which can change from point to point. For these reasons a careful analysis of this matter is always needed. In the present work a precise characterization of macroinclusions which came from refractories, occurred in forging steel ingots, was carried out by means of SEM-EDS and non conventional X-Ray Microdiffraction technique. In order to explain the origin and the chemical evolution of these inclusions the analysis of ex-service refractory materials was carried out and a thermodynamical model taking in account the steel-refractory interactions was implemented.
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-position 1, the upper part of vertical runner; -position 2, the lower part of vertical runner; -position 3, the beginning of horizontal runner, where the metal stream should be more turbulent. The chemical compositions of refractory materials used for the ingot runners are shown in Tab. 2. The chemical composition of the steel samples were examined using an Optical Emission (OE) spectrometer ARL3460. The morphologies and chemical compositions of macroinclusions extracted from steel ingots were carried out by Scanning Electron Microscopy LEO mod. EVO 40XVP coupled to an Oxford EDS Microanalysis. In order to obtain the phase identification of inclusions, XRD data were collected by means of a DMax Rapid Rigaku microdiffractometer with CuKá radiation. This apparatus is equipped with an Image Plate (IP) detector and it permits to focalise the beam on micro-areas, that is fundamental for studying small size samples as in this case. The irradiated area can be chosen by collimators of diameters from 800 to 10μ m. In this experiments a collimator diameter of 300μm was used. The acquisition time was fixed at 50 min, the voltage and current intensity were set at 30 kV and 40 mA respectively. The mean composition of refractory materials was investigated by X-Ray Fluorescence ARL 9400. The steel samples cut from the runners were ground with silicon carbide paper and polished to mirror finishing, in order to examine the diffusion layers by means of SEM-EDS. The in-situ observations of the evolution of the observed non metallic inclusions is not possible, so a thermodynamic model can be used to point out the possible origin of the observed non metallic inclusions on the basis of the chemical composition measured on the final solidified sample. The fundamental problem is to determine if the refractory can be a reliable source of the macro-inclusion featured by a high CaO and Al 2 O 3 , which usually causes the presence of not acceptable defects on the 35% of the discarded ingots which are refused because of the presence of the same defects. The refractories belong to the fundamental mullite (3Al 2 O 3 ·2SiO 2 ) system, so the significant presence of calcium revealed by the SEM-EDS analysis seems to exclude the involvement of the refractory materials, on the other hand the high frequency of this non metallic inclusions associated with the deterioration of the refractory of the pouring channel is well identified. The thermodynamic interpretation is structured on the basis of the computation of the oxygen activity. The steels have not been treated by calcium, but the observed non metallic inclusions contain this element. This is certainly due to the high content and the related high activity of the lime within the slag used for the ladle furnace treatment (Tab. 3). On the basis of the application of the data related to the activity of the lime within a complex slag analogous to the one used to treat the studied steels, the average activity lime can be stated around 0.02-0.036) and through the equilibrium relation this implies the presence of a Ca activity which can be defined by:
This computation of the calcium activity can be performed through Eq. (1.1) because the activity of the lime has been determined on the basis of the chemical composition of the slag, the activity of oxygen has been determined by the experimental measurements and the equilibrium constant (K Ca-CaO ) of the reaction which depends only on the temperature:
The computation has been performed on the basis of the Gibbs Standard energies contained in Tab. 4 and on the basis of the activity coefficients shown in Tab. 5. The activities of the alloying elements have been computed on the basis of the chemical composition of the two studied steels recorded in Tab. 1. On the basis of the provided percentage weight concentration of the alloying elements, the molar fractions of these ones have been computed through their atomic masses. The raoultian activity of the generic i species has been computed through:
where the activity coefficient is calculated according to:
where the applied activity coefficients at infinite dilution and the interaction ones are collected in Tab. 5 according to the literature data.
Provided an average raoultian activity of oxygen measured by an electrochemical concentration cell (Celox) at the end of the ladle treatment of 5.7 · 10 -6 and an average pouring temperature of 1 570-1 580°C, the steel is always interested by a raoultian Ca activity of 4.6 · 10 -5 which corresponds to a Ca mass concentration of 9 ppm (Appendix A), because the raoultian activity coefficient of calcium in the treated situation has been estimated to be ãCa=3.7.
The high calcium activity interesting the steel bath can be provided also by the fragments of the refining slag trapped on the ladle refractory linings. These fragments are featured by a chemical compositions nearly equal to the one of the refining slag and are in contact also with the deepest layers of the steel within the ladle and such a situation favours a high activity of calcium also in this regions which are very far from the slag interface. The deposition of the slag layer on the refractory linings has been proved by the experimental evidences that point out the presence of the slag traces (about 1-2 mm thick) deposited during the empting of the former heats treated within the same ladle. So, within the steel there is a presence of calcium which surely can interact with the non metallic materials of the inclusions and of the refractories. The hypothesis which needs to be verified from a thermodynamic point of view is the transformation which leads from the refractory composition to the ones featuring the non metallic inclusions, in which Ca can play a fundamental role. The computational thermodynamic model structured to evaluate this item is based on the thermodynamic driving force which is available for the different possible chemical reactions and it has already applied to the forecasting of the non metallic inclusions belonging to the ternary system CaO-SiO2-Al 2 O 3 .
7)
The thermodynamic driving force of the considered reactions is determined through the evaluation of the oxygen activity characterizing the equilibrium of each reaction. The sequence of the reactions can proceed only from a reaction featured by a higher oxygen activity to the one featured by a lower oxygen activity, because the needed driving force for the development is available only in this case. The set of the considered reaction: (3.9) and the constant of equilibrium of each reaction has been computed on the basis of the standard free energy (G0) of each involved chemical species (Tab. 4). 8, 9) The activity coefficients have been applied to the mole fraction of the alloying elements considered in the reactions to take into account their non ideal behaviour in the iron solution (Tab. 5). [10] [11] [12] [13] [14] The activity of the chemical species on the right side of the reaction has been considered with an activity of 1, because they have found it in a nearly pure state during the experimental examinations. The relations (3.1) and (3.2) describe the possible aggression process of the Ca against the mullite refractories which implies also the formation of pure Al 2 O 3 and SiO 2 which have been individuated in great quantity. In all the chemical reactions there is the presence of calcium within the left side reactant species, because the presence of this alloying element is implied by Eq. (1.1) and confirmed by the observation performed within the non metallic inclusions, while the reactant SiO 2 and Al 2 O 3 represent the species formed by the reactions (3.1) and (3.2) and so their activities have been considered with value of 1. This last assumption has been set to maintain a consistence with the hypothesis operated for the computation of reactions (3.1) and (3.2) in which SiO 2 and Al 2 O 3 on the right side of the reaction have been considered as pure on the basis of the experimental observations which confirmed the presence of pure SiO 2 and Al 2 O 3 probably formed by the damage of the refractories. The development of the reaction sequence should follow the oxygen potential from the highest one to the lowest one. Fig. 2 and 3 show the optical and electron microscopy images of the macro-inclusions extracted from the steel ingots A and B respectively. These inclusions appear to be multiphase, they have similar chemical composition, which consists mainly of calcium-aluminium silicates and calcium aluminates. In the case of inclusion from steel B, the EDS micro-analysis evidenced also the presence of a phase containing only Al and O, probably alumina (Al 2 O 3 ). The results of bidimensional X-ray diffraction confirmed the presence of these phases inside the inclusions and revealed their crystalline nature. In Fig. 4 the 2D diffraction image and the integrated pattern collected from macro-inclusion A is reported. It is possible to distinguish the phase contribution of gehlenite Ca 2 Al(AlSiO 7 ) (JC-PDF card. n° 771113), grossite CaO·2Al 2 O 3 (JC-PDF card. n° 231037) and alumina Al 2 O 3 (JC-PDF card. n° 100414). The relative intensities of diffraction peaks related to these crystalline phases differ from the tabulated ones, because there are only a few diffracting domains and as a consequence of fluorescence coming from the steel matrix. Despite the low intensity of diffraction peaks, also in the case of macro-inclusion B, the integrated diffraction pattern permits to assess the presence of gehlenite and grossite phases, as reported in Fig. 5 . Considering that the steel is deoxidised by aluminium without calcium addition and that the ladle is lined with Mg-O bricks, one can expect that the endogenous inclusions should be principally Al 2 O 3 and spinel (MgO·Al 2 O 3 ),15) but in the studied case the CaO-based slag used for the treating of the steels changes significantly the conditions which are more similar to the ones tested by Todoroki et al. 16 ) who pointed out also endogenous inclusions containing CaO in steel deoxidised only by Al. The experimental observations performed on 30 examples of the non metallic inclusions featured by an equivalent diameter under 3μm have confirmed the presence of calcium, actually they show an average weight concentration of alumina in the range of 91.3% (st. dev. 2.9%) and an average one of CaO of 4.5% (st. dev 1.4%) (Tab. 6); the inclusions of little size have been considered as more characteristic of the endogenous population and their composition is certainly more similar to the one of the compounds nucleated by the liquid phase, because they certainly undergo a more contained growth process interested by the interaction among the firstly precipitated compounds and the transforming elements. However, it is worth noting that the presence of calcium also in these inclusions is probably the effect of the calcium activity imposed by the equilibrium between the liquid steel and the slag computed through Eq. (1.1), because this level of calcium activity can perform a transformation also of the endogenous compounds, in which the Al 2 O 3 combines with CaO to produce other complex phases. So, we can conclude that the analysed macro-inclusions containing high percentages of calcium and silicon are of exogenous origin. In order to evaluate if the interaction between the liquid steel and the refractory materials of ingot runners can produce this type of macro-inclusions, some steel-refractory samples were sectioned as above mentioned. The longitudinal section of ingot runner presents four layers with different morphology and chemical composition (Fig. 6) . Moving from the inner towards the outside, these layers are: -steel (area A), with the same composition of the steel ingot; -steel-refractory interface (area B), characterized by the entrapment of refractory materials in form of single particles or as thin branched networks; -modified refractory layer (area C), rather adherent to the steel; it presents a chemical composition quite different from the original one; -refractory layer (area D), which maintains the original properties and chemical composition. 
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These four layers are not always clearly distinguishable, especially in the case of the two samples taken from the vertical runner, where the area C is very thin and adherent to steel, probably because of small interactions between refractory and liquid steel. The refractory layers were separated from the steel, when it was possible, and analysed by X-ray fluorescence. The results are reported in Tab. 7. As expected, the first layer D has a composition close to the original one for both horizontal and vertical runner. On the contrary, the area C taken from the horizontal runner has lower content of SiO2 and higher content of Fe 2 O 3 , Al 2 O 3 and MnO in respect to the original composition. This is a consequence of exchange reactions which take place, in the solid phase at temperature close to 1 600°C, between Al 2 O 3 -SiO 2 base refractory and aluminium-killed molten steel as also reported by the other authors.17) Fe, Mn and a small amount of Al contained into liquid steel, in contact with the refractory, can replace Si in the silica, producing this compositional change. In order to analyse the interaction area B, the metallic samples, free from refractory, were sectioned and polished to mirror finishing. Fig. 7 shows the pictures of the these three samples. The visual inspection shows that the steel taken from the vertical runner (samples 1 and 2) had only a small interaction with the refractory, which is limited to the outer contour of the steel section as a thin crust with a uniform thickness. On the contrary, in the sample 3, taken from the horizontal runner, the interaction layer is very large, confirming the hypothesis that in this area, where the steel flow is turbulent, the refractory is more affected by chemical and mechanical erosion. As a consequence, there is the evidence of large non-metallic particles inside the steel, which are completely detached from the refractory lining and appear to be free to enter the mould producing macro-defects. For this reason the SEM-EDS analysis was concentrated on sample 3, scanning the composition of the steel-refractory interaction area step by step from outside to the centre of the channel section (Figs. 8(a)-8(d) ). The starting point of this analysis (Fig. 8(a) ) shows that the Fig. 8(c) ). Although macro-inclusions with a gehlenite composition were not individuated, the enrichment in calcium and the grossite formation prove that the interaction between refractories materials and steel can bring to the growth of high Ca-rich macroinclusions, like those found into the steel ingots. The forecasting of the thermodynamic model seems to correspond well with the experimental observations, because the trend of the oxygen activity associated with the chemical reactions (Tab. 8) seems to describe the pattern of the ternary diagram from the mullite composition along the non metallic macro-inclusions revealed by the metallographic examinations (Fig. 9) . The high tendency to the formation of the anorthite (2SiO 2 ·CaO·Al 2 O 3 ), gehlenite (SiO 2 ·2CaO· Al 2 O 3 ) and grossularia (3SiO 2 ·3CaO· Al 2 O 3 ) are confirmed by the composition of the non metallic inclusions on the ternary system as well as the progressive transformation from the alumina corner to the compositions occupying the centre of the CaO-Al 2 O 3 line. Moreover, it is interesting to note that the reaction (3.1) seems to be characterized by a very low oxygen activity and so by a very great driving force. It appears reliable that the damage process of the mullite can start up by the action performed by calcium and this reaction also seems to explain the large amount of inclusions developed near the Al 2 O 3 corner, because this terminal compound is a product of the damaging reaction described in reaction (3.1). The reaction (3.2) can also take place but its driving force (oxygen activity) is competitive with the other computed reactions and so it is reliable that it is not the predominant one, although some rare SiO2 macro-inclusions, probably produced by refractory aggression, have been revealed by the performed analysis. Actually, the lines which can be individuated on the diagram seem to follow the decrease in the oxygen potential to arrive at the point featured by the lowest one in which the available driving force for the transformation from the mullite composition reaches a maximum. The greater amount of gehlenite than that statistically revealed near the zone of anorthite (although the highest equilibrium oxygen activity associated to the first one indicates a lower driving force) can be due to the lower content of silica because of a minor presence within the refractories. The role played by calcium on the transformation of the refractory lining of the runners comes out to be fundamental for the development of the degradation process of the refractory and the subsequent transformation of the detached constituents. We can stress the conclusion that the calcium imposed by the strongly basic slag used for the refining plays an important role in the damaging process of the refractory and in the transformation of the attacked material; the consideration of calcium action can allow to clarify the origin of an important class of macro-defects of the ingot whose source is the runner refractory itself. In this work a complete characterization of macro-inclusions extracted from special grade steel ingots was carried out. The results of EDS micro-analysis and Bidimensional X-ray diffraction measurements permit to conclude that the macro-inclusions are composed mainly by ghelenite (SiO 2 ·2CaO· Al 2 O 3 ) and grossite (CaO · 2Al 2 O 3 ) crystalline phases. The XRF and EDS analyses carried out on steel samples sectioned at the end of casting from the solidified ingot runner permit to assess the following conclusions: (1) Exchange reactions take place between Al 2 O 3 -SiO 2 base refractory and aluminium-killed molten steel, producing the depletion of silica with a consequent increase of iron, manganese and aluminium oxide into the refractory. (2) The horizontal runner is more affected by chemical and mechanical erosion of steel respect to the horizontal one. (3) The wear of horizontal runner can be a source of macro-inclusion in the steel, because, in correspondence of the interaction layer, it was observed the formation of large non-metallic particles, which are completely detached from the refractory lining and free to go inside the mould producing macro-defects. (4) these non metallic particles have a composition close to the grossite phase, as a consequence of Ca enrichment of refractory diffusion layers closer to the liquid steel. (5) Macro-inclusions with a ghelenite composition were not individuated, but the enrichment in calcium and the grossite formation prove that the interaction between refractories materials and steel can bring to the growth of high Ca-content macro-inclusions, like those found into the steel ingots. (6) The developed thermodynamic model based on the driving force available for each of the considered reactions has shown that there is a clear pattern leading from the chemical composition of the mullite constituting the refractory to the macro-inclusions pointed out by the metallographic observations which seems to prove that is the high activity of calcium s Fig. 9 Example imposed by the slag. (7) Two main patterns seems to be followed on the ternary SiO2-CaO-Al 2 O 3 diagram by the sequential transformations of the refractories: a first one leading to the chemical composition around CaO · 2Al 2 O 3 and a second one leading toward the regions characterized by the presence of gehlenite and grossularia and this pattern seems to be well underlined also by the chemical compositions of the macroinclusions experimentally observed and it is very interesting to note that the transformation occurring on the surface layer of the refractories seems to be consistent with the ones supposed for the macro-inclusions. (8) The aggression produced by the calcium activity due to the highly basic slag needs to be accurately considered to grant the correct cleanliness of the final ingot.
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